We present a new switching mechanism that utilizes the proximity coupling between the surface spin texture of a Weyl semimetal and a superconductor, in a Weyl semimetal/superconductor/Weyl semimetal trilayer heterostructure. We show that the superconductivity in the middle layer can be fully suppressed by the surface spin texture of the Weyl semimetals in the presence of an external magnetic field, but it can be recovered again by only changing the field direction. The restoration of the middle-layer superconductivity indicates a sharp transition to a low-resistance state. This sharp switching effect, realizable using a Weyl semimetal because of its strong spin-momentum locking and surface spin polarization, is a promising avenue for novel superconducting spin-valve applications.
Introduction.-A three-dimensional Weyl semimetal (WSM) is strikingly different from other classes of materials with non-trivial band topology because of the presence of surface Fermi arcs [1, 2] which prompted the observation of a plethora of intriguing properties, such as quantum oscillations in magnetoresistance [3] [4] [5] and chiral magnetic effect [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The Fermi arcs exhibit a spin texture with a strong spin-momentum locking which leads to a spin polarization (up to 80% for TaAs) on the surface of the WSMs [24] [25] [26] . By introducing a superconducting gap in the WSM, the superconductor (SC) inherits the non-trivial topology of the electronic structure of the WSM, giving rise to unconventional properties such as finite-momentum pairing and Majorana zero modes [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . At a WSM/SC interface, superconductivity is proposed to be induced by the proximity effect inside the WSM near the interface [40] . Despite a few studies on the proximity effect of the superconductivity inside the WSM in a WSM/SC interface, the inverse proximity effect of the WSM surface magnetization on the superconductivity remains unexplored.
In this work, we demonstrate a new switching effect induced by the interplay between superconductivity and magnetization at a WSM/SC interface, in the presence of an external magnetic field. We consider a trilayer heterostructure, with an s-wave SC sandwiched between two WSM slabs in such a way that the top and the bottom WSMs have opposite alignments of the Fermi arcs. In this geometry, the WSM surfaces, on both sides of the SC, have a net spin polarization in the same direction. The superconductivity in the middle SC layer is suppressed completely by the joint pair-breaking effect of the WSM surface magnetization and the magnetic field. However, by rotating the field, the net magnetization of the WSM surfaces drops to a smaller value and the fully-suppressed superconductivity restores again, indicating a sharp transition to the zero-resistance state in the middle SC layer. Such a magnetic switching has the potential to advance the spin-valve applications that at present employ trilayer heterostructors of ferromagnets (FMs) and SCs [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] .
In the state-of-the-art spin-valve switching devices, involving a FM(hard)/SC/FM(soft) trilayer, as shown in Fig. 1(a) , the resistance R p , in the parallel polarization of the top and bottom FMs near the superconducting transition temperature T c , is larger than the resistance R ap in the anti-parallel case. The magnetic field flips the polarization in the soft FM and produces a transition to a low-resistance state. In our proposed WSM-based geometry, shown in Figs. 1(b) and (c), the net magnetization of the WSM surfaces on both sides of the SC drops to a smaller value when the magnetic field is applied opposite to the spin polarization direction. The field rotation drives the middle SC to the zero-resistance state, implying a low resistance in the WSM/SC/WSM trilayer.
Model and method.-We consider a type-I WSM with broken time-reversal symmetry and having only two Weyl points, described by the following Hamiltonian [58] 
where m, t x , and t are parameters that describe the bulk band dispersion, µ w is the chemical potential of the WSM, σ≡(σ x , σ y ,σ z ) represents the Pauli matrices, I is the 2 × 2 identity matrix, and k≡(k x ,k y ,k z ) denotes the momentum in three dimensions. The Weyl nodes are located at (±k 0 ,0,0) as depicted in Fig. 1(d) . In Fig. 1 (e) and (f), we show the Fermi arcs and the spin texture on the opposite surfaces of an isolated WSM slab [59] . The parameters t=1, m=2t, k 0 =π/2, t x =t, used in Ref. [58] , are kept fixed throughout this paper, with no qualitative change in our conclusions for other choices.
To describe the proximity-induced superconductivity in the WSM, we express H w in the Nambu-spinor basis
where ∆ w = c k,↑ c −k,↓ is the proximity-induced s-wave pairing amplitude in the WSM. Although a small finitemomentum pairing and a triplet pairing could also be induced in the WSM, we focus only on singlet pairing at zero center-of-mass momentum which is the dominant pairing channel and relevant to the present study. We consider BCS-type electron pairing in the middle SC slab, expressed by the following Hamiltonian [59] 
where t s is the hopping amplitude, µ s the chemical potential, ∆ s =U 0 d k,↑ d −k,↓ the s-wave pairing amplitude in the SC, U 0 the pairwise attractive interaction strength, and N is the total number of momenta in the Brillouin zone. We set t s =t and U 0 =−t everywhere, without losing generality.
Superconductor
Normal metal The Hamiltonian for the heterostructure is constructed by transforming the Hamiltonians H sc w and H s into the slab geometry [59] , with N s layers in the SC slab and N w layers in both (top and bottom) WSM slabs. Open boundary conditions are imposed along the stacking direction (the z axis), so that k x and k y are good quantum numbers for the description in each layer. The coupling between the WSM and the SC slabs at the WSM/SC interfaces is described by the following tunneling Hamiltonian
where l z is the vertical layer index at the interface, t tun is the tunneling amplitude between the WSMs and the SC and k ≡(k x ,k y ) is the momentum in the k x -k y plane. The external magnetic field, applied uniformly in all the layers of the heterostructure, is included as a Zeeman exchange coupling term
where B=(B cos θ, B sin θ, 0), B is the strength of the magnetic field (in energy unit), and θ is the field angle. Henceforth, all energy terms are expressed in units of the parameter t defined in Eq. (1). The superconducting order parameter, i.e. the pairing amplitude ∆ lz at each layer l z , is calculated selfconsistently by minimizing the free energy of the heterostructure [59] . The average pairing amplitude for the heterostructure is then obtained via ∆=(1/(N s + 2N w )) lz ∆ lz . In each layer l z , the spin texture (m k ,x , m k ,y , m k ,z ) is obtained by computing the spinexpectation values at each momentum k and the average magnetization components (m x , m y , m z ) are obtained by taking average in the two-dimensional Brillouin zone [59] .
Origin of the magnetic switching.-The main concept introduced here, the magnetic switching at the WSM/SC interfaces, involves the strong interplay between superconductivity and the WSM surface magnetization; the latter competes against the electron pairing near the interfaces. The magnetic field B =0.1t (<B c ≈0.3t, the critical field for the SC), applied along θ=0 • , cooperates with the WSM surface magnetization to completely suppress superconductivity. Remarkably, by changing the field direction, the average pairing amplitude ∆ re-emerges and jumps from nearly zero to a finite value at θ≈100 • . The order parameter ∆ remains almost constant within a range 100 • θ 260 • , as shown in Fig. 2(a) . This sudden restoration of the superconductivity, only by changing the field angle, implies a switching from a finite-resistance to a low-resistance state. This magnetic field-driven 'switching' is the main finding of this paper.
To understand the origin of this switching effect, we explore the θ-dependence of the magnetization components. Interestingly, we find similar discontinuous jumps in the magnetization components at the WSM terminating layers, adjacent to the SC slab, as shown in
The in-plane magnetization components m x and m y drop to relatively smaller values within the same range 100 • θ 260 • . The out-of-plane component m z also undergoes sharp transitions at the critical field angles θ c1 ≈100 • and θ c2 ≈260 • , as shown in Fig. 2(d) . This finding underlines the strong interplay between the magnetism in the WSM surface and the superconductivity near the WSM/SC interfaces. The θ-variation of ∆ with the field amplitude B , in Fig. 2(e) , suggests that there is a lower and an upper critical field and the switching occurs in between. The lower critical field is the required field to fully suppress the superconductivity at certain ranges of θ values, while the upper critical field is the largest field above which the reappearance of superconductivity is unanticipated. Temperature variation of ∆, in Fig. 2(f) , suggests that the switching effect appears predominantly at low temperatures, below the superconducting T c of the middle SC.
To explore the interplay between the WSM surface magnetization and the superconductivity, we plot the layer-resolved pairing amplitude ∆ lz , and the dominant magnetization component m y , in Figs. 3(a) , (c) and (e), at different field scenarios and the corresponding spectrum in Figs. 3(b) , (d) and (f). At B =0, a small pairing amplitude is induced inside the WSMs, by proximity effect, but this induced superconductivity is limited to the near vicinity of the interfaces [40] . Conversely, the pairing amplitude inside the SC is also suppressed near the interfaces since the WSM surface magnetism penetrates inside the SC and affects the superconductivity. At a finite magnetic field B =0.1t, applied along θ=0 • , the superconductivity is completely suppressed, as shown in Fig. 3(c) , by the combined pair-breaking effect of the magnetic field and the WSM surface magnetization. However, when the field is applied along θ=200 • , i.e. opposite to the WSM surface magnetization, the net magnetization of the WSM surface drops drastically which enables the reappearance of the superconductivity in the near vicinity of the WSM/SC interfaces, as depicted in Fig. 3(e) . Similar reappearance of the superconductivity takes place within the angle range 100 • θ 260 • . The profile of ∆ lz remains nearly unchanged within this range of θ [59] . The sharp transitions, at the critical angles, is possible in a WSM because of its strong spin-momentum locking which makes the spin texture of the Fermi arcs quite robust against the external magnetic field, applied at an angle outside this angle range. Within this range, the magnetic field overcomes the spin-momentum locking and significantly reduces the in-plane magnetization components [59] . The energy spectrum of the heterostructure at B =0, in Fig. 3(b) , shows that two pairs of energy levels (green and red) exhibit flat zero-energy states within the Fermi-arc region (|k x | k 0 ) while two other pairs (magenta and yellow) are gapped out at finite energies. These low-energy bands originate from the hybridization between the surface states in the WSMs and the SC slabs. The spectrum changes when a magnetic field B =0.1t is applied along θ=0 • , as shown in Fig. 3(d) . Particularly, outside the flat-band region (|k x |>k 0 ), the red and the green bands do not have an energy gap at θ=0 • (Fig. 3(d) ) and a finite energy gap at θ=200 • (Fig. 3(f) ). These two angles belong to the two different states viz. the suppressed and recovered superconducting states, shown before in Fig. 2(a) . Evidently, the electronic spectra also reveals a signature of these different states.
To gain insight on the critical field angles θ c1 and θ c2 , we calculated the spin texture and the momentumresolved density of states A(k ,E)= σ,λ |c k ,σ,lz | 2 δ(E-E k λ )+|c † −k ,σ,lz | 2 δ(E+E −k λ ) at different layers of the heterostructure (c k ,σ,lz is replaced by d k ,σ,lz for the SC layers). In Fig. 4 , we show the spin texture at four different layers at B =0. The top surface of the top WSM (l z =1) reveals a Fermi arc and spin texture [ Fig. 4(a) ] at energy E=−0.3t(=µ w ), similar to the case of an isolated WSM slab, shown earlier in Fig. 1(e) . On the other hand, Fig. 4(d) , shows the constant-energy contours and spin texture at a SC layer (l z =18), slightly below the top WSM/SC interface, at energy E=−0.3t (< µ s ) showing the electron-like and hole-like contours. Notably, two electron-like contours around k =0 are disconnected along the k y =0 direction, influenced by the Fermi arc in the neighboring WSM layer (l z =15). The proximity effect of the Fermi arc is prominent at the top SC layer (l z =16) [in Fig. 4(c) ] which also develops a Fermi arc in the central disjoint electron-like contour with its spin texture originating from the adjacent WSM surface [in Fig. 4(b) ]. The spin texture at the top WSM/SC interface (both l z =15 and l z =16) results in a net spin polarization, as shown in Fig. 4(b) and (c). This spin polarization suppresses the superconductivity near the WSM/SC interfaces and drives the 'switching' transitions.
Discussion.-For the realization of the switching effect, a robust coupling between the WSM and the SC at the interface is needed [59] . The coexistence of the spin polarization and the superconductivity is observed at metallic point contacts in the WSM TaAs [39] . For practical purpose, a trilayer such as TaAs/Nb/TaAs is a testable platform [38] . The strength of the external magnetic field, used in this study, is smaller than the critical field of the superconductor (≈0.4 T for Nb [60] ) and realizable in experiments. The switching effect can be controlled by tuning the chemical potential in the SC and by changing the thickness of the SC slab [59] .
In the existing FM/SC/FM-based switching devices, the presence of Néel domains leads to the coexistence of both standard (R p >R ap ) and inverse (R p <R ap ) switching effects [52] . In the proposed WSM/SC/WSM-based switching mechanism, the unanticipated coexistence of the standard and the inverse switching effects is not possible. Also, the strong spin-momentum locking and the small Coulomb interaction in WSMs ensure a sharp switching, free from the possible Coulomb-drag or magneto-Coulomb effect [61] [62] [63] .
To conclude, we predict a new magnetic-switching mechanism in WSM/SC/WSM heterostructures, which employs the strong spin-momentum locking and the surface spin polarization of the WSMs. We showed that a sharp switching phenomenon arises due to the interplay between the WSM surface magnetization, superconductivity, and the external magnetic field. The switching effect is testable using a WSM, with either broken time-reversal symmetry or broken inversion symmetry, and has the potential for novel spin-valve applications.
amplitudes at each layer l z of the heterostructure, is obtained by the self-consistent calculation, described below. The pairing amplitude ∆ s,lz = d k ,lz,↑ d −k ,lz,↓ , at layer l z inside the SC, is obtained by minimizing the free energy of the heterostructure Hamiltonian. To obtain the fee energy, we first write down the partition function as below
where H het is the full Hamiltonian of the WSM/SC/WSM heterostructure, β=1/k B T , k B is the Boltzmann constant and T is the temperature. The grand canonical free energy F = −1/βlnZ is given by
where N k is the total number of momenta in the twodimensional Brillouin zone in each layer and E k λ is the λ th eigen value of the heterostructure at momentum k . The set of self-consistency equations for ∆ s,lz is given by setting ∂F/∂∆ s,lz =0
We start with a finite initial value of ∆ s,lz and update them iteratively until self-consistency is achieved at each layer l z . The pairing amplitude ∆ w,lz = c k ,lz,↑ c −k ,lz,↓ at layer l z inside the WSM is calculated using the four-component spinor wave functions, extracted from the converged wave function of H het , and using the usual Bogoliubov-Valatin transformation c k ,lz,σ = λ u λ k ,lz,σ γ λ +v λ * k ,lz,σ γ † λ , where u λ k ,lz,σ γ λ (v λ k ,lz,σ γ λ ) is the quasiparticle (quasihole) amplitude and γ λ (γ † λ ) is the fermionic annihilation (creation) operator. The pairing amplitude ∆ w,lz is then obtained using
where f (E k λ ) is the Fermi function at temperature T and energy E k λ . The magnetization components at each layer l z and momentum k is obtained by taking the expectation values of the Pauli matrices in the particle-hole space, τ α (where α=x, y, z), on the calculated wave function Ψ k ,lz as follows
where Ψ k ,lz = c k ,lz,↑ , c k ,lz,↓ c † −k ,lz,↓ , c † −k ,lz,↑ for the WSM slab, and similar for the SC slab with c k ,lz,σ (here σ=↑, ↓) operators replaced by d k ,lz,σ operators. at different field angles: In Fig. S1 , we show the variation of the layer-resolved pairing amplitude ∆ lz at different field angles θ of the applied magnetic field. This result supports the main finding discussed in the main text i.e. there are two distinct ranges of θ viz. (a) the suppressed and (b) the enhanced superconducting states. The profile of ∆ lz remains almost the same within the range 100 • ≤θ≤260 • . For the considered SC slab of thickness N s =15, the reappearance of superconductivity takes place near the WSM/SC interfaces. The superconductivity in the central layers of the SC can also by recovered fully by reducing the thickness N s . In the main manuscript, we considered N s =15 to fully resolve the spatial region in which the interplay between superconductivity and magnetism takes place. For an experimental demonstration of the discussed switching effect, a very thin SC slab would be beneficial.
External control on the switching effect:
The magnetic-field induced switching effect, which is discussed in the main manuscript, can be controlled by a number of ways. In Fig. S2, we WSM-SC tunneling amplitude t tun and by the chemical potential µ s in the SC. Fig. S2(a) indicates that a strong coupling between the SC and the WSM slabs is required to realize the proximity effect of the surface spin texture of the WSM on the superconductivity. Fig. S2(b) indicates that the switching effect is tunable by µ s which can be modulated externally by a gate voltage.
6.
Absence of the switching effect at zero WSM/SC coupling:
To understand the role of the WSM/SC interface on the observed switching effect, here we consider the case in which the WSM and the SC slabs are not connected i.e. t tun =0. The layer-resolved pairing amplitude ∆ lz , and the dominant magnetization component m y are shown in Fig. S3(a) , (c) and (e), at different field scenarios and the corresponding spectrum in Fig. S3(b) , (d) and (f). The magnetization inside the WSM behaves in a similar way as in the case t tun =0, described in the main manuscript i.e. the surface magnetization decreases when the magnetic field is applied opposite to the spin polarization direction. With t tun =0, both the WSM surface magnetization and the magnetic field jointly suppress the superconductivity. In the case t tun =0, a higher magnetic field is required to fully suppress the superconductivity. However, this field is equal to or larger than the critical field B c ≈0.3t for superconductivity in the SC slab and, therefore, a reappearance of superconductivity is not possible. Furthermore, the spectra in Fig. S3(b) , (d) and (f) do not reveal the reappearance of the spectral gap outside the flat-band region (i.e. |k x |>k 0 ), as found in the case with t tun =0. The results highlight the importance of a strongly-coupled WSM/SC interface behind the discussed switching effect.
